Aims: To examine the associations of self-reported visual impairment and physical activity (PA) with all-cause mortality. Methods: This prospective cohort study included 65,236 Norwegians aged ⩾20 years who had participated in the Nord-Trøndelag Health Study (HUNT2, 1995 −1997 . Of these participants, 11,074 (17.0%) had self-reported visual impairment (SRVI). The participants' data were linked to Norway's Cause of Death Registry and followed throughout 2012. Hazard ratios and 95% confidence intervals (CI) were assessed using Cox regression analyses with age as the time-scale. The Cox models were fitted for restricted age groups (<60, 60−84, ⩾85 years). Results: After a mean followup of 14.5 years, 13,549 deaths were identified. Compared with adults with self-reported no visual impairment, the multivariable hazard ratios among adults with SRVI were 2.47 (95% CI 1.94-3.13) in those aged <60 years, 1.22 (95% CI 1.13-1.33) in those aged 60-84 years and 1.05 (95% CI 0.96-1.15) in those aged ⩾85 years. The strength of the associations remained similar or stronger after additionally controlling for PA. When examining the joint associations, the all-cause mortality risk of SRVI was higher for those who reported no PA than for those who reported weekly hours of PA. We found a large, positive departure from additivity in adults aged <60 years, whereas the departure from additivity was small for the other age groups. Conclusions: Adults with SRVI reporting no PA were associated with an increased all-cause mortality risk. The associations attenuated with age.
Introduction
An estimated 8.5 million adults in Western Europe were living with visual impairment and blindness in 2010 [1] . As the population ages and the incidence of some chronic diseases increases, visual impairment may have a greater future impact on public health [2] . In a meta-analysis including 29 epidemiological studies [3] , adults with visual impairment had a significantly higher risk of all-cause mortality than adults with no visual impairment. This finding persisted across different measures of visual impairment (e.g. self-reported). However, less is known regarding the roles of different risk factors in the possible link between visual impairment and mortality [4] . Physical activity (PA) could be one possible factor, as studies have shown that adults with visual impairment are less engaged in PA than adults without visual impairment [5, 6] .
Physical inactivity is common in today's modern society, and is a major risk factor for morbidity and premature mortality [7] . In addition, regular PA has been repeatedly shown to be associated with reduced all-cause mortality risk [8, 9] . The relationship between PA and all-cause mortality has been found to be curvelinear, with the largest magnitude of risk reduction between no weekly PA and some weekly PA [8, 9] . As a general guideline, the World Health Organization recommends that all adults aged 18 years or older should engage in moderate-intensity aerobic PA of at least 150 minutes per week, highintensity aerobic PA of at least 75 minutes per week, or a combination of these two intensities [10] .
We know of only one study that has examined whether low levels of PA contribute to the association between visual impairment and all-cause mortality risk [11] . As visual impairment and PA are both predictors of all-cause mortality, it is of interest to examine the combination of visual impairment and PA in its association with mortality. To our knowledge, the joint association of visual impairment and PA with all-cause mortality risk has not yet been investigated.
The aim of our prospective population-based cohort study was two-fold: (a) to examine the association between self-reported visual impairment (SRVI) and mortality with and without adjustment for PA; and (b) to analyse the joint associations of SRVI and PA with mortality.
Materials and methods

Design and sample
Our prospective study was based on data from the second wave of the Nord-Trøndelag Health Study (HUNT2, 1995-1997) [12] . The HUNT2 Survey is a large population-based survey including all adults aged ⩾20 years registered as residents in the county of Nord-Trøndelag, Norway. HUNT2 consisted of two subsequent measurement phases. The first phase was carried out by the completion of a postal questionnaire and the second phase was carried out by the completion of a medical examination accompanied by a questionnaire. All baseline data relevant to our study were assessed by the first questionnaire and the medical examination.
A total of 93,898 adults were invited to participate in the study. We excluded 28,662 (30.5%) adults who did not respond to the first questionnaire. This gave a total sample of 65,236 adults. Table I gives the characteristics of the study participants.
Measures
Mortality ascertainment. Data from the National Cause of Death Registry in Norway (currently maintained by the Norwegian Institute of Public Health) and HUNT2 were merged by an external researcher using the participants' national identification numbers. The follow-up time was calculated from baseline (1995-1997) until time of death or at the end of follow-up (31 December 2012), whichever came first. The cause of death was classified in accordance with the tenth revision of the International Classification of Diseases (ICD-10) [13] . Our main analyses included all-cause mortality as an outcome measure. Cause-specific mortality was used in a supplementary analysis and included cardiovascular mortality (codes I00-I99), cancer mortality (codes C00-D48), fatal accident and sudden death (codes V, W and X) and mortality due to other causes specified as not cardiovascular, cancer, or fatal accident and sudden death.
Visual impairment. Information on the participants' perceived experience of visual impairment was assessed by a two-item questionnaire [14] . First, the participants had to answer the following question: 'Do you have a longstanding disease, injury, or condition (at least one year) of physical or mental character that impairs your functioning in daily life?' Those who answered 'yes' were asked to describe whether they had a degree of visual impairment. The response alternatives were 'a little impairment', 'some impairment' and 'severe impairment'. The SRVI category encompassed adults who reported that they had a degree of visual impairment. Those who did not report any visual impairment were included in the self-reported no visual impairment (SRNI) category.
Physical activity. The participants reported their average weekly hours of low-intensity PA (not sweating or being out of breath) and moderate-to high-intensity PA (sweating or being out of breath) during their leisure time and commuting time by selecting one of the following response alternatives for hours per week: none, <1, 1-2 or 3 or more hours per week. The PA questionnaire has previously been validated among a sample of Norwegian men aged 20-39 years [15] . In this validation study, moderate-to high-intensity PA (MHPA) was found to correlate moderately with maximum oxygen consumption (VO 2-max ) measurements (r=0.46) and the long version of the International Physical Activity Questionnaire (IPAQ-L) (r=0.31). Lowintensity physical activity (LPA) correlated poorly with VO 2-max (r=−0.03) and IPAQ-L (r=−0.08). In our study, the linear dependency between hours of LPA and MHPA was moderate (r=0.44). For the purpose of analyses with dichotomous outcomes, the LPA and MHPA variables were coded into nonweekly (0 hours) and weekly PA (>0 hours).
Covariates. Detailed information about the selection procedure, measurement and study variables can be found using the HUNT Databank software, currently accessible online. We identified possible confounding factors from previous publications and a priori reasoning [16] . The suspected confounders of the association between visual impairment and mortality were: age (as the time scale), sex, smoking status (no, previous, current), alcohol consumption (none/teetotal, 1-4, ⩾5 times/month), body mass index (<25, 25-29.9, ⩾30 kg/m 2 ), marital status (unmarried, married/partnership, widowed, separated/divorced), education (<10, ⩾10 years), diagnosed as having diabetes or any cardiovascular diseases (no, yes) and having adverse biomarkers (no, yes). Adverse biomarkers included hypertension (blood pressure ⩾160/100 mmHg), hyperglycemia (non-fasting glucose ⩾11.0 mmol/L) and high total cholesterol levels (non-fasting levels ⩾7.0 mmol/L).
Missing data
Complete cases were used in the primary statistical analyses and multiple imputation with chained equations (MICE) was used as a supplementary method to impute missing baseline values. The MICE analyses included all participants in HUNT2 (n=65,236). Detailed information about the imputation model and the number of particiants with missing data for each variable included in the imputation model are presented in Table SI (supplementary data, available online).
Statistical methods
Descriptive statistics included cross-tabulations and direct age-standardized mortality rates for each baseline characteristic. The time scale used in the study was age measured in years [17] , which in this paper is described as chronological age. Using Kaplan-Meier analysis, we estimated the survival probability as a function of chronological age. Separately, we used data for 2012 obtained from Statistics Norway to plot survival curves for age 20 years to age 105 years for the general Norwegian poluation [18] . Cox regression analyses were carried out to calculate the hazard ratios (HRs) and 95% confidence intervals (CIs) for all-cause mortality and its association with visual impairment. Several subgroup analyses were conducted by including visual impairment and each covariate as an interaction term and then comparing the log-likelihood between models with and without the interaction term. In a separate analysis we examined whether PA contributed to the association between visual impairment and all-cause mortality by adding LPA and MHPA to the model (model III in Table II ). By doing this, we could test the hypothesis of PA being a mediator in the possible relationship between visual impairment and mortality.
To estimate the joint associations, we created a categorical variable with four categories and added the variable to the Cox model. The four categories were: (a) SRNI and LPA or MHPA (reference); (b) SRNI and no LPA or MHPA; (c) SRVI and LPA or MHPA; and (d) SRVI and no LPA or MHPA. We also tested for effect-measure modification on multiplicative and additive scales. The test of departure from multiplicativity was determined by including a product term of visual impairment and LPA or MHPA in the Cox model. The test of effect-measure modification on an additive scale was carried out by calculating relative excess risk due to interaction (RERI). The RERI values were derived from the β coefficients and covariance matrix obtained from the regression models [19] . Departure from additivity is considered valuable to public health because it identifies the excess risk if two factors are working in combination rather than each factor working alone.
To check the proportional hazards assumption, the visual impairment variable was included in the Cox models as an interaction term with a linear or a logarithmic function of time [20] . We accounted for a violation of the proportional hazards for visual impairment with all-cause mortality by fitting Cox models separately for restricted groups of chronological age (<60, 60-84, ⩾85 years). The model fit was found to be satisfactory after restricting for chronological age.
We conducted two supplementary analyses. First, a test for linear trend across visual impairment categories (none, a little, some and severe visual impairment) was conducted by comparing the loglikelihood between the models treating visual impairment as a continuous variable and as a categorical variable. Second, visual impairment was examined in its association with specific causes of death (cancer, cardiovascular diseases, fatal accident and sudden death, and other causes) (Table SII , supplementary data, available online).
The Cox models were either age-and sex-adjusted or adjusted for all indicated covariates. p<0.05 indicated statistical significance. Stata Version 13.0 was used for the statistical analyses.
Ethics
The study followed the ethical principles stated by the Declaration of Helsinki. All participants gave their written consent to take part in the study. The study was approved by the Regional Committee for Medical and Health Research Ethics (Regional komitee for medisinsk og helsefaglig forskningsetikk). The HUNT Research Centre and the Norwegian Institute of Public Health gave permission to analyse their data. Table I shows the characteristics and standardized mortality rates according to visual impairment of the study participants. Of the sample, 11,074 (17.0%, mean age 62.6 years) had SRVI and 54,162 (83.0%, mean age 47.6 years) had SRNI. Of the study participants, a higher percentage described their visual impairment as 'a little' (9.6%) rather than 'some' (5.4%) or 'severe' (2.0%).
Results
The mean follow-up time was 14.5 years (range 0-17 years) with a total of 947,031 person-years. In total, 44.3% of adults with SRVI died during the 17 year follow-up period, whereas 16.0% of adults with SRNI died during the same time period. The median age at death for those with SRVI was two years lower than those with SRNI (83 vs. 85 years). In the Kaplan-Meier analysis, we found that the survival probability was lower for adults with SRVI than for adults with SRNI and the plotted data from Statistics Norway. The gap in survival gradually decreased for adults with SRVI surviving beyond the age of 70 years (Figure 1 ). Table II shows that adults with SRVI had significantly higher HRs than adults with SRNI in the age groups <60 years and 60-84 years after adjustment for age and sex, as well as after adjustment for all indicated confounding factors. However, we did not find any statistically significant association for adults aged ⩾85 years. Additional adjustments for LPA and MHPA resulted in an increased relative risk in the age group <60 years, whereas minor changes were observed in the age group 60-84 years and ⩾85 years (Table II) . No two-way interaction between visual impairment and other covariates reached statistical significance (p>0.05).
Tables III and IV show the joint associations of visual impairment and PA with mortality. When the reference category was adults with SRNI reporting weekly hours of PA, significantly higher mortality risks were found for SRVI alone, no LPA or MHPA alone, and the combination of SRVI and no LPA or MHPA. In the age group < 60 years, the increased mortality risk associated with SRVI was found to be stronger among those who reported no LPA or MHPA than those who reported LPA or MHPA. However, the large, positive risk-difference modification reached statistical significance for MHPA only (RERI 1.80, 95% CI 0.85-2.75). No other effect-measure modification was observed on additive or multipliciative scales.
In the supplementary analysis, for the age groups having significant associations between visual impairment and all-cause mortality, the results from the log-likelihood test showed that there were no significant differences between the models treating the visual impairment variable as continuous or categorical (60 years: χ 2 9.5, p = 0.01; 60-84 years: 14.8, p<0.001). This means that there were no evidence of a linear trend. In the cause-specific analyses, adults with SRVI were more likely to die from cancer, cardiovascular disease and other causes than adults with SRNI (Table SII , supplementary data, available online). The risk of mortality due to fatal accident and sudden death was similar for adults with SRVI and SRNI (results not shown). Compared with the full-adjusted analyses presented in Table II , the associations between visual impairment and all-cause mortality remained similar in the supplementary analyses handling missing data using MICE, except for a moderate decrease in the risk estimates for adults in the age group <60 years (results not shown).
Discussion
In this large population-based study, adults with SRVI had a significantly increased all-cause mortality risk and the associations remained similar or stronger after controlling for LPA and MHPA. Moreover, we found that the higher all-cause mortality risk associated with SRVI was stronger for adults who reported no LPA or MHPA than for adults who reported weekly hours in LPA or MHPA. The strength of all statistical associations decreased with increasing chronological age.
Our results showed that adults with SRVI were associated with an increased risk of all-cause mortality and that the strength of the association decreased with age. This finding is consistent with a recently published meta-analysis [3] . The results from previous publications show that increased severity of visual impairment is associated with a higher risk of some adverse health outcomes [21, 22] and all-cause mortality [3] . The lack of a linear dose-response relationship in our study cannot be readily explained and should be addressed in future studies.
It has been hypothesized that PA could mediate the possible link between visual impairment and mortality [11] . In a study including 416 Finnish adults aged 75 or 80 years at baseline, Kulmala et al. [11] found that PA accounted for 20% of the association between visual acuity loss and all-cause mortality among adults aged 75 years at baseline, whereas PA did not explain the association between visual acuity loss and all-cause mortality among adults aged 80 years at baseline. In our study, we found no evidence of leisure-time PA contributing to the increased risk of all-cause mortality among adults with SRVI. However, comparing the results of the study of Kulmala et al. [11] and our study are difficult as a result of many methodological differences. In light of our study results, we could speculate that other biological, physiological, psychosocial and behavioural mechanisms that do not involve PA may explain the increased mortality risk of adults with visual impairment [23] . Nevertheless, as demonstrated by Robins and Greenland [24] , mediation analysis requires very strong underlying assumptions to obtain valid estimates. Further studies are therefore needed.
The results from the joint associations showed that the increased mortality risk of SRVI was stronger for those who reported no PA than for those who reported weekly hours of PA. This result was found irrespective of the intensity of leisure time PA, probably because 95% of those who reported no LPA also reported no MHPA (results not shown). It is possible that low PA in adults with visual impairment may be one of many factors related to their high prevalence of functional limitations [22] , low physical fitness [25] , disability [22] , mental health problems [21, 22] , co-morbid somatic conditions [21, 22] and social isolation [21] . This could explain why adults with SRVI had an increased risk of some lifestyle-related causes of death in our study (e.g. cardiovascular diseases). However, due to the descriptive nature of our study, the observed departure from additivity may have been a consequence of other mortality-related factors than low PA, such as ongoing health problems and biological ageing [4, 23] .
Because of the close link between visual impairment, PA and falls [26] , we were surprised to find that fatal accidents and sudden deaths, which included deaths from falls and injuries, were not related to visual impairment. Some plausible explanations for the lack of association may be that there were few deaths from fatal accidents and sudden deaths (n=547) and that falls and injuries may have been a part of the aetiology, but not the underlying cause of death.
The major strengths of our study were its prospective study design with a large sample of non-institutionalized participants, the high participation rate, using data from a national registry for endpoint and censoring, and the long follow-up period.
Our study had several limitations. First, the measure of visual impairment in our study reflects the participant's own experiences of visual functions and does not represent a clinical diagnosis of severe visual impairment or blindness. We assumed that those who reported a degree of vision impairment truly experienced that their vision was impaired. The percentage of adults with SRVI in our study was comparable with the percentages reported in a representative sample of US adults that measured visual impairment using one-item questions [27] . Second, we expect that the hours in leisure time PA were under-reported based on how the questionnaire was constructed and the possibility of recall bias [15] . It is likely that the misclassification of PA was nondifferential, resulting in conservative estimates of relative risk. Third, SRVI and PA were only measured once and we did not know the participants' vision or PA levels in the years prior to our study or in the years from HUNT2 to censoring or death. As the population ages, we expect a higher number of adults with SRNI or reporting hours of PA at baseline to develop SRVI and become physically inactive during the study period. Fourth, we could not exclude the possibility of residual confounding bias. Fifth, the generalizability of our findings may have been hampered because 30% of the participants were excluded from our study. This may increase the possibility of survival bias and a healthy worker effect [28, 29] . We expect that adults with SRVI are healthier than the target population of adults who experience visual impairment, given that the participants had to travel to the health station and to complete and return questionnaires. The results from the statistical analyses using MICE were comparable with the analyses using complete cases, which increased our confidence that our results were not biased as a result of item non-response.
In conclusion, our results showed that adults with SRVI were associated with an increased risk of all-cause mortality. We found some evidence that the all-cause mortality risk of SRVI was dependent on their engagement in leisure-time PA, with a higher risk observed among adults with SRVI who reported no PA. As physical inactivity is common in today's society, our findings support the public health importance of promoting regular PA in the population and for those who experience a degree of visual impairment. However, more high-quality studies are needed to understand the causal nature of this relationship, probably by recruiting adults at the time of vision loss, having a shorter follow-up period, and assessing visual impairment and PA objectively.
